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Motivation

if neutrinos have mass...

a neutrino that is produced asa v,
o (egTm — p'v)
might some time later be observed as a v,

® (eg.v.n—ep)

\x

V detector

V source

M.O.Wascko Sheffield PPPA Seminar
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Neutrino Oscillation

Vu) _ cOS 0.sinB) (v, e Consider only two types
Ve —sin@ cosO ) \ v, of neutrinos

® |f weak states differ from
mass states

® ie.(VuVe)=(VIV2)

® Then weak states are
mixtures of mass states

—iEt —iEHt

Vu(t) >= —sinB|v; > e "+ cosB|v, > e

® Probability to find ve

2
POSC(V,U - Ve) — | < Ve’V.U(t) > | when you started with v,

M.O.Wascko Sheffield PPPA Seminar 4
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Neutrino Oscillation

® |n units that experimentalists like:
1.27Am?*(eV*)L(km)
Ey(GeV)

Posc(Vy— V,) = sin”20 sin’

® Fundamental Parameters

® mass squared differences

Probability

=
=] =
‘I‘_L L ]
"r—{: i
‘1'—‘{: -1

® mixing angle

® Experimental Parameters Mo 7
e | = distance from source ™[ ~

to detector Hvove) -

® E = neutrino energy oL -

1.5 2 25 3

(=]
P_
n
-

M.O.Wascko Sheffield PPPA Seminar



Imperial College
London 100 earsaf ingscience

100

Oscillation Signals

g 17.5 - LS N D ® Boam Excess g
. BZEE pW, Ve n §
s B S ® Solar - Homestake, ... SNO
o - - 2
! — 3 ® confirmed by reactors

10 | -

75| ® Atmospheric - Super-K ...

51 - ® confirmed by accelerators

25|

of ia ® Accelerator - measured by LSND

04 06 08 1 12 14 ® unconfirmed!

L/E, (meters/MeV)

. KamLAND
Z;‘ K2K hep-ex/0606032 ---|-'-'|"--|--'-1"'Wl*'
md’ 5 — - P accidentals
© | a-al - HHEE "cla.n)"O
= [ R T . ] S 60 B spallation
N 4r ' Tt el 4 E—— best-fit oscillation + BG
g i ‘ = —e— KamLAND data

2 _ s‘\ """"""""""""" 3 40 hep-ex/0406035

2 _ .............. K2K68%~‘h~""---.____; i 20

i K2K 90% ]
1F -----. K2K 99% ]

RE— SK L/E 90% -
oL % [ 2 3 4 5 6 7 8
0.2 0.4 0.6 0.8 1 E (MeV)

- prompt
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The Problem

Three different neutrino
oscillation signals

Three independent Am?

Problem:
We only need two!

Explanation requires
physics well beyond the
standard model

Is it true?

Nf—-\lo [T g T
T ..Reactor :
© L ¥ Limit
'..i
< e LSND
10'1:— Vu_’ve
_2:
OE Atmospheric
[ V., —V
_ X
10" g E
0L Solar MSW -
: Ve—Vx
s
10 il 1l ' R |
107 10~ 0" 1
sin°20
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>
x
"c 10 F |
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KARMEN? (90% CL)
I e E
- ugey (90% CL):
[ LSND (99% CL) i
- LSND (90% CL)
—1
10 -
10_2 III| | | III| |
10" 107> 10°% 107" 1
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> Verifying LSND

P(v, — V,) = sin*20, sin2(1.27Am%QE)

eminar

L

® |SND interpretedas 2 v
oscillation

® Verification requires same
(L/E) and high statistics

® Different systematics

® MiniBooNE chose higher
L and E

® Strategy: search for ve
excess in v, beam
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Magnhetic Decay
focusing horn

Overview

region Absorber
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Main components of Booster Neutrino Beam (BNB)
(96M and 146M+ pulses)

MiniBooNE Overview e
7
Y,
X1
Magnetic Decay B
oopagnetc ey Absorber 43(11Hm Detector
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Meson Production

n* Production Cross Section from HARP Py ,,,=8.9GeV o EXte rn al meson

250 F

Y 5455 NI | 4}{{“ oputsmrad production data
F RSN

150 F

.

@ -

Ty ] ® HARP data (CERN)
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100 [
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100 | E T o 7 .

N - i = _: sections

SR, T i, h
PP PRI P TR T itk s ot 7 SEPRETE BAPEPPEN BEPERPEPE SRR e, Lo T TRRN
200 FH e e e e e

] E op=165mrad  } 0=195mrad ] .
150 L;i-@ ! ﬁ. : ® Sanford-Wang for pions

10 kd % :
g R N I RN 1

o Ty, : o -5 ® Feynman scaling for
T kaons

P (GeV/ic) p.+(GeV/ic)

8,+=135 mrad

d%c/dpdQ, (mb c/(GeV sr))
F

MiniBooNE Overview e
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V F I u X [ — v, from w & w decay .:
1 5| — v, from K decay :
E 0 : — v, from n & u decay
= — v, from K decay
L
W
8 10-8:—
.@ =
c
® 99.5% pure muon flavour =
;g 10
. .. = - .
® 0.5% intrinsic ve 3
5 ol
g 107
® Constrain Ve content with s | L
V. measurements FRCH:
Z "
-10-11“ S T TS T L -
T - S T- SR ST

?
v, o,
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. Ma?’“e‘lf; 450 m
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Detector

Signal Region

Veto Region

Magnhetic

Decay
focusing horn region

Absorber
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" Neutrino Interactions
Vi, -
‘i G.P. Zeller M\/M €
£ CC /NC
% quasi-elastic
O scattering (QE)
c 1 42% / 16%
1 / "
=
c 08 20
> P
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B
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? resonance
P production (1)
50.2 25% / 1%
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0 :
10 Wl n0
o —
p,n
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- Mineral Qil Optics

® Production:
® Cherenkov and scintillation
® Secondary:
® Fluorescence and scattering
(Raman, Rayleigh)

Extinction Rate for MiniBooNE Marcol 7 Mineral Oil ,

]—00 = | 1 1 I I I 1 I I I =
—— JHU 1l em Oil-Water

—— JHU l cm Qil-Cyclohexane

weees . FNAL L em

-==- FNALZcm

----- FNAL 5 em

— FNALLOcm

— — MiniBooNE 1.6 m

H MiniBooNE 1.6 m vatdable length

— — Rayleigh Scattering (Isotropic)

@@ Rayleigh Scattering (measured isotropic)

10

- Rayleigh Scattering (anisotropic)

Sum of Fluomwscence Rates
—— Floor4
—— Floor 3

Fluor 2
—— Floor 1

PN

T o
I 1T T HI70d0

ry
“‘\
L

*

|

o= Molecular energy
i levels of oll

0.1

Extinction or Fluorescence Rate (1/m)

I I III_III1

0.01

IIIIr

350 400 450

Wavelength (nm)
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Track Images =
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> PMT Hit Clusters
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Hit Time (ns)

® PMT hits clusters in time
form “subevents”

E2_1{]0 4550 4600 4650 4700 4750 4800

® v, events have 2 subevents

lJllIIIIJlI'IJl]lII|JlJ|I|IIllIlIlJlJII'lJllI’

® u,followed by e

Ve events have | subevent

— no cuts
— main hits = 200

veto hits <6
— (main hits > 200} & (veto hits < 6)

e ® Simple cuts on subevents
remove cosmic backgrounds

a2 [+

=2 on

[ =] (=]
H.A.Tanaka

4]
(4}
=]
|||||||||||||||||||5_
nl;'--'l

200

l

-
[21]
f=)

fﬁf

events / bin (arbitrary POT)
=
L=

~— ® “pre-cuts”

e e —

n
(=]

IIIIIJ|IIII|III|II

L 1 I 1 [l i 1 | 1 I i i 1 I [l i L I 1 1 [l I i 1 | I [l i i
-r&l -2000 ] 2000 4000 6000 8000 10000 12000
event time (ns)
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100

Charged particles produce Cherenkov
and scintillation light in oil

PMTs collect photons, record t,Q

Reconstruct tracks by fitting time and
angular distributions

Find position, direction, energy

M.O.Wascko
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0.01

Track Reconstruction

+ L

.20.

® Time (ns)
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“  Detector Stability

Events per 1e15 POT vs Week
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|. Motivation and Introduction
2. Description of the Experiment
3. Analysis Overview
|. Signal and Backgrounds
2. Strategy
4. Two Independent Oscillation Searches
5. First Results

6. Updates Since First Result
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Opened specific boxes with <10 ve signal

Initial Open Box Use
all non-beam-trigger data calibration and MC tuning
0.25% random trigger unbiased data studies
eee]: measure flux, E,<F, oscillation fit
v, NCpi0 measure rate for MC tuning
v, CClpi+ check rate for MC
vy-e elastic check MC rate
“dirt” measure MC rate
all events with E,> .4 GeV check MC rate

Second Step

One closed signal box explicitly sequester signal, 99% of
data open

M.O.Wascko Sheffield PPPA Seminar 23
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For robustness, MiniBooNE has performed
two independent oscillation analyses.

o y <
/

Track Fitter

Reconstruction Likelihood

v, Selection o=

/ \/ Ratio

one
Oscﬂlatlon Fit \ oscillation

Point light source result

Reconstruction .
Boosting

=g VeV, Combined CroSs
Oscillation Fit  [RNNEEEE

v, Selection

M.O.Wascko Sheffield PPPA Seminar 24
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p) stacked signal and bacl§grounds
after v_event seleqtion

400 600 800 1000
reconstructed E (MeV)

1200 1400

M.O.Wascko Sheffield PPPA Seminar

“Signal and Backgrounds

RB Patterson

Oscillation v,

Example oscillation signal
Am? = 1.2 eV?
SINZ26 = 0.003

Fit for excess as a function of
reconstructed v, energy

25



Imperial College

London = e

\\\\\\\\\\\\\\\\\

M.O.Wascko

400

stacked signal and bac
after v_event seleqti

800 1000
reconstructed E (MeV)

1200 1400

Sheffield PPPA Seminar

RB Patterson

“Signal and Backgrounds

v, from K* and K°

Use fit to kaon production
data for shape

Use high energy v, and v,
in-situ data for normalisation

cross-check

26
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400

stacked signal and bac
after v_event sele

800 1000
reconstructed E (MeV)

1200 1400

Sheffield PPPA Seminar

RB Patterson

.~

“Signal and Backgrounds

Measured with in-situ 2
CCQE sample

Same ancestor 11*
kinematics

Most important background
Constrained to a few %

27
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stacked signal and bac
after v_event seleqti

800 1000
reconstructed E (MeV)

1200 1400

Sheffield PPPA Seminar

RB Patterson

P
.

“Signal and Backgrounds

MislD Vu
~46% 110

Determined by clean m°
measurement

~16% A Yy decay

% measurement constrains

~14% “dirt”
Measure rate to normalise
and use MC for shape

~24% other

Use v, CCQE rate to
normalise and MC for shape

28
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Incorporate in-situ data whenever possible

® MC tuning with calibration data
® energy scale
® PMT response
® optical model

® MC tuning with neutrino data
® cross section nuclear model
parameters
e 1¥ rate constraint

"l think you should be more
explicit here in step two."

® Constraining systematic errors with
neutrino data
® ratio method: ve from u decay Recurrmg theme:

® combined fit to ve and v, data gOOd data-MC agreement

M.O.Wascko Sheffield PPPA Seminar
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Good data/MC agreement

® Basic PMT hit
distributions showing
details of optical model

® Aggregate PMT hit
distributions showing
gross detector behaviour

Hits/Event/0.02

Sheffield PPPA Seminar

R1408 (old) PMTs

10 black points=dota
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i 0—2 green=MC, no reflections y
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MC Tuning

Good data/MC agreement
® Basic PMT hit

distributions showing

details of optical model
® Aggregate PMT hit

distributions showing
gross detector behaviour

M.O.Wascko
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Veto Hits
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Radius(cm)
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Incorporate in-situ data whenever possible

® MC tuning with calibration data
® energy scale
® PMT response
® optical model

® MC tuning with neutrino data
® cross section nuclear model
parameters
e 1¥ rate constraint

"l think you should be more
explicit here in step two."

® Constraining systematic errors with
neutrino data
® ratio method: ve from u decay Recurrmg theme:

® combined fit to ve and v, data gOOd data-MC agreement
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Used to measure flux and check
E,CE reconstruction

2
FOE _ 1 2MpEy—mH

v

2Mp —E,+ \/(Eﬁ —mz)cos 0,

® 2 subevents:e,u
® Require e be located near end

T. Katori

g of u track
8000— * Data A.A. Aguilar Arevalo
- B Monte Carlo 0-4
70001
E 0.35 E .
6000 o EVQ resolution
= | 9
50005 0.25 | ~IO/O
4000 — |
= 0.2
3000—
2000 .
= .1
1000— l
0:| L1 L.A¥| Ll b b b b b Loy [T ©.05
0 02 04 06 0.8 1 12 14 16 1.8 p |
o _ - : - :
v,CCQE reconstructed E, (GeV) ° oz e ee o8 1 L e e s
» Lrue ewW )
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Q2 distribution fit to tune
empirical parameters of
nuclear model ('2C)
8000 -
7000 [
C ° Data
8000 _i ............. MC before fit
. | MC after fit
5000 : X2/ndf =47/ 13
4000 — .
3000 f
2000 —
1000 —
0 05 03 04 05 06 07 0800 1
Q° (GeV?)
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Tuning CCQE MC
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o 10l (e
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|
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O ? 3

good data-MC agreement in variables
not used in tuning!
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e 1% are reconstructed

outside mass peak if:

® asymmetric decays
fake 1-ring

® | of 2 photons exits

® high momentum m°
decays produce
overlapping rings
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]OO I u n i n g n() M < S _;I;:::T‘:: i
The MC 119 rate (flux % xsec) is ge00E %2500 J Link
H m 1600 -+ Data = B
re-weighted to match the measurement 14000 .. yore cano S 2000]-
in b bins. 1200[ — Corrected MC § -
1000 |- @ 1500~
J. Link 800 [ ]
.E i I I I | I I I I | I I I | I I I | I I I I I I | | ] = 1000 _—
2 16000f Data |1 600F i
- o . -
210 i 1 400F 500 -
E - — Default Monte Carlo | | 200k g _
u=: lm__ Tuned Monte Carlo ] 0 P b b by 0 co b Ly . ! ol
i ] -1 -0.5 0 0.5 1 0 0.2 0.4 0.6 0.8 L
12000 i cos 0., E i GeV
[ i m
10000 q Boor % £1400 i
N 1 1000| T o 2 :
- ] ek 21200 -
w000l - 3500~ : -
- 1 3000H 1000 |-
6000 :_ _: 2500 i 800 |-
000l 4 ooy 600 |-
N 4 5004 B
4 . 2 400 |-
oo 4 000F -
TR 1 500 200 ¥
0_|I||II||I|I||II |?|||||:‘||:|_ 0_ PESRES R 07'|'|‘||||"|‘||||‘|
0 02 0.4 0.6 08 1 1.2 1.4 0 0.2 0.4 O.ZBV 0 0.2 0.4 0.6 0.8 L
B cos 6
Momentum (GeV/c) ! 5

good data-MC agreement in variables
M.O.Wascko Sheffield PPPA Seminar nOt used in tuning! 36
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Incorporate in-situ data whenever possible

® MC tuning with calibration data
® energy scale
® PMT response
® optical model

® MC tuning with neutrino data
® cross section nuclear model
parameters
e 1¥ rate constraint

"l think you should be more
explicit here in step two."

® Constraining systematic errors with
neutrino data
® ratio method: ve from w decay Recurrmg theme:

® combined fit to ve and v, data gOOd data-MC agreement

M.O.Wascko Sheffield PPPA Seminar
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Analysis Strategy |:

Ratio Method

® MC predicts a range of v, fluxes

® Use data/MC ratio of v, CCQE
events to re-weight parent st*

Ve from u decay
unweighted

1000 1000

8500
600

400

200

|
0 0 1 p 3 4 5 6

v.(1) Before Cuts: E MC (GeV)
Sheffield PPPA Seminar

M.O.Wascko

» TT*

e+
Ve from u decay
re-weighted

o RS | |

i
00

1 y 3 4 5 6
Reweighted v (1) Before Cuts: E MC (GeV)

<|
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london = i Analysis Strategy 2:

Combined Fit

® For each Ev binj, Vi

Ai _ NiDATA N NZJWC

Vu VM

)

e Raster-scan in Am? and
sin%20,. to calculate Correlations between E, QF
over Ve and v, bins bins from the optical model:

A

N, bins N, bins Ve

X' =) Y AM;A,

i=1 j=1

® Systematic error matrix
includes uncertainties for Y
Ve and vy, - > >

M.O.Wascko Sheffield PPPA Seminar e [
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1 o o MC o MC
M;; N Z(Nz — N, )(Nj — N )
X o=1
® Use MC variations to study
systematic uncertainties Example of Ev distributions
for several MC variations
® Vary underlying parameters and X Central Value (MC)
compare to “central value” MC 1%! variation (a=1)
2"d varaiation (a=2)

e — :
i iy iy i, s i i g E.QE (GeV)

® Total error matrix is sum of
individual matrices

M.O.Wascko Sheffield PPPA Seminar
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Neutrino flux predictions
meson production cross sections
meson secondary interactions
focussing horn current
target and horn system alignment
Neutrino interaction cross sections
nuclear model
rates and kinematics for relevant processes
resonance width and branching fractions
Detector modelling
optical model of light propagation
PMT charge and time response
electronics & DAQ model

neutrino interactions in dirt surrounding detector

M.O.Wascko Sheffield PPPA Seminar

Systematic Errors

constraint?
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106 Outline

|. Motivation and Introduction

2. Description of the Experiment

3. Analysis Overview

4. Two Independent Oscillation Searches
|. Reconstruction and Event Selection
2. Systematic Uncertainties

5. First Results

6. Updates Since First Result

M.O.Wascko Sheffield PPPA Seminar
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“2 Independent Searches

® Method I: Track Based Analysis Primar 4
® Careful Reconstruction of particle tracks Analysis
® |dentify particle type by likelihood ratio
® Use ratio method to constrain backgrounds
s/ Strengths:

® Relatively insensitive to optical model
® Simple cuts on likelihood ratios

Cross-check
® Method 2: Boosted Decision Trees Analysis
® C(Classify events using boosted decision trees
® (Cut on output variables to improve event separation
® Use combined fit to constrain backgrounds
‘/ Strengths:

® Combine weak variables to form strong classifier

® Better constraints on backgrounds

M.O.Wascko Sheffield PPPA Seminar 43
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“° Particle ldentification

03— | T T 0.05;
oy o 005
0.1 ._ T -
<. 1 =
4 0 =) -
g ¥ 3-0.15-
.0_1;'_ -
i -0.2 :
i Monte Carlo B . -Monte Carlo
02 Mv.CCQE N - :  Pv.NCR°
' CC QE | -0.25 CC QE
N - .
o035 v Lo _03%|||r.|1-['|"|..|‘|||-|||H\|H\|
200 400 600 800 1000 1200 1400 w200 400 600 800 1000 1200 1400
fitted E (MeV) fitted E (MeV)

e Reconstruct under 3 hypotheses: u-like, e-like and 7t%-like

® v, particle ID cuts on likelihood ratios
® chosen to maximise v,—>Ve oscillation sensitivity

M.O.Wascko Sheffield PPPA Seminar 44
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e v, CCQE data (with muon decay electron) compared to v,
data with no decay electrons (“All but signal”)

® Removes most muon events

EEH-'IUT L L I LI I 1T 1T 1 I L L L 1 LI |__ E -J 1T 1T 1 I L I L | I | L U D | I I ' | I_:
%. L | decay electron # g 200 0 decay electrons | ;
- - 180 =
T 500 — Al E T I All ;
§ ! M _ § 'OF _ | ccor E
m : - I|lr'“ [-C[:I'L'- + m 140 :_ Yy QL _:
ﬁUU_——HCIH al ~ ]Eﬂf — NC 1 _E
: CCl=x 100 _;
400 _— -] 80 _;
I 60F -
200 - - 40F -
I 20F =
0 0 .

03 02 i 02 03 03 . ) ) 0.3
log(L /L) log(L /L)
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©  o/0 Likelihood

100

T}E ISDI]: | +| T | T T | | ]
2 2000 — Monte Carlo Simulation
e “All but signal” (open) L ¢ Dua :
1500 — -
data and MC > f E
1000~ .
® PID uses cuts on i | E
: i -
® likelihood ratio o e oo 0 0 10 S £ 4 :
® reconstructed m fi oF e
mass Soafl =
021 2 N
® Opened sidebands o
before unblinding full i
data sample a3
05

0 50 100 150 200 250 300 350 400 450 500
Reconstructed Mass (MeV/c?)
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10

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

v, CC QE efficiency (after precuts)

0.1

M.O.Wascko

Predicted V. efficiency

1r1||||||]r1r1[1||||||1r]r1r1||||||

e

i

i

i
|

;

Cuts applied after precuts .

—elp & elx

— e/p & e/x & mass

JIIIl]l]llll]l.]llll]l]llllll

500 1000 1500 2000 2500 3000
ESF (MeV)

Sheffield PPPA Seminar

“Analysis region” defined
to be 475-1250 MeV

Signal efficiency higher at
low energy

Backgrounds higher there
too...

“Signal and background

47
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Predicted V. energy distribution

Stacked backgrounds:

2
o
1.8 —p
=]
16888 ... . 0
24 E dirt events
Z128 AN
g L B other
2 0.8 : --=« LSND best-fit signal

400 600 800 1000 1200 1400
reconstructed E  (MeV)

M.O.Wascko Sheffield PPPA Seminar

" Signal and background =~

.~

“grageeTA

“Analysis region” defined
to be 475-1250 MeV

Signal efficiency higher at
low energy

Backgrounds higher there
too...

48
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Signal and background

.........

475-1250 MeV

Predicted V. energy distribution fve(u deca)’) I 32
Stacked backgrounds:
2 s ve(K decay) %4

- . : = :,E Radiative A 20

=14 ! dirt t

s ety NCx 62
£ E . other .

g ) --=« LSND best-fit signal Dll’t I 7

ey | Other 33
............ Total 358

400 600 800 1000 1200 1400
reconstructed E  (MeV)

Signal 163
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5 of living science

<~ =<

<~

Uncertainties

source uncertainty (%)
Flux from T*/p* decay 6.2
Flux from K* decay 3.3
Flux from KO decay |.5
Target and beam models 2.8
V-cross section 2.3
NC 10 yield |.8
External interactions 0.8
Optical model 6.1
Electronics & DAQ model 7.5
constrained total 9.6

Sheffield PPPA Seminar

LY

Note:

“total”’ is not
the quadrature
sum-- errors
are further
reduced by
constraints
igelnn) v, data
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10°F
- :ﬁ: sin®(20) upper limit
B =
- : — MiniBooNE 90% C.L. sensitivity
10 _,' ---- BDT analysis 90% C.L. sensitivity

® Sensitivity to oscillations

® “Primary” analysis chosen
on the basis of this plot

IAm?l (eV3/c?)

® Chosen before

10'F
opening the box! -
~ ] LsnD90% C.L.
- [ ] LsND99% C.L.
I|III|| | IIIII|I| 1 IIIIII|| | L1 1 1 18]
102
107 102 10 1
sin(26)
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years of iving science

o0 Y

Outline i

|. Motivation and Introduction

2. Description of the Experiment

3. Analysis Overview

4. Two Independent Oscillation Searches
5. First Results

6. Updates Since First Result

M.O.Wascko Sheffield PPPA Seminar
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Opening “The Box”

After applying all analysis cuts

® Step |:Fit sequestered data to oscillation esis

Don’t return fit parameters
‘/ Apply unreported parameters to MC, check diagnostic variables
‘/ Return %2 for diagnostic variables

® Step 2: Open plots from Step |

® Plots chosen to be useful but not “revealing”

e Step 3:Report only the (unsigned) y? from fit

® No fit parameters returned

® Step 4: Compare EnuQE for data and MC

® Blindness broken

® Step 5:Present results within two weeks

M.O.Wascko Sheffield PPPA Seminar 53



Training for a blind search

Tr g R | B PR IR ke e
£ .-: 'n J - | ; F .(gn:/f oy i -" .
Y, ¥ L... - by } g Tk sl
3 , ) e r ¥ L P s
s . = ' - | . W
4 F 4 v - L]

MOWY c. 2002
(blinded)

AT —
- -

On March 26, 2007 we opened the box...
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o ]db d b '
1.2H * MiniBooNE data . .
-1 + expected background ® Counting Experiment
1.0 .- BG + best-fit oscillation (475-1250 MeV)
% EB:— — v, background
% F t — v, background ® Expect 358
§ 0L e = |9(stat) = 35(sys)
® 0.4 B
- _|—|‘ = ® Observe 380
0.2 S
_I_'_‘§ ® Significance 0.55 ¢
500 750 1000 1250 1500 3000

reconstructed E, (MeV)
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Exclusion Curve
MiniBooNE First Result
® No evidence for vy—Ve J02c ,
2v appearance only : ; i’(26) upper limi
oscillations ! =

4 = MiniBooNE 90% C.L
---- BDT analysis 30% C.L.

-
=

® |ndependent second
analysis finds similar
result

IAm?l (eV3/c?)

107F
® Incompatible with LSND - B Ls\Dso% CL.
o - [ ] LSND99% C.L.
at98/° CL 10_2 IIIIII| | IIIII|I| 1 |IIIIII| | | L1 1111
10° 102 10 1
sin?(20)

o f. KARMEN2
compatible at 64%

M.O.Wascko Sheffield PPPA Seminar 56
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“ What Does It Mean?

e With the blind analysis, we have asked the question:

Do v,s oscillate directly to ves with
Am? ~ |eV? ala LSND?

e VWe have a clear answer:

N[O,

More work yet to do...

M.O.Wascko Sheffield PPPA Seminar 57
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100
® | owering the energy
threshold reveals ve
excess
® Excess not consistent
with LSND signal
® Currently under
investigation
M.O.Wascko

At lower energy...

+ 2v oscillation

iI : analysis threshold * MiniBooNE data
2‘5: I -+ expected background

- .- BG + best-fit oscillation

> 20ty v, background

] a ] o g

E N '} ; — v, background

-E 1.5__ | :

S W

o - | !

Hauh

05 ]
- : ;_l__'_'_L """""
C ot |‘_-L
300 600 900 1200 1500 3000
reconstructed E, (MeV)
- s data - expected background
~ 0.8
% "4 ---- best-fit to full range
» 0.6 — sin?(20)=0.004, Ar=1.0 eV?
T n — sin?(28)=0.2, ArP=0.1 eV?
s 04= |
a el |
[1)] B 1
] Dz__ ----- 5"'.": #
@ L E B - y
30 600 900 1200 1500 3000

Sheffield PPPA Seminar

reconstructed E, (MeV)
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years of iving science

o0 Y

Outline

|. Motivation and Introduction

2. Description of the Experiment

3. Analysis Overview

4. Two Independent Oscillation Searches
5. First Results

6. Updates Since First Result

M.O.Wascko Sheffield PPPA Seminar
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Low E checklist

® Data integrity checks
® Double check background calculations
® New backgrounds!?

® (i.e.not considered in original analysis)

® N.B.If this is a background it may be relevant for
other experiments searching for Vy—Ve

® New physics!?

® | ooking at new/more data

Sheffield PPPA Seminar

LY
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® Detector anomalies: none
found

® Example: time distribution
of ve events is flat

® Hand scanned all events:
nothing pathological found

event display of typical ve

. kS

,/{!:L !i * L . ~,
/¢' A "ﬂ m—i E[D.UE L -
. i LRI \
/J‘ U] ! . § .‘ijl\a_’g/ %_-‘. ) .qlg]g‘ﬁ@to : \\‘
/ o DEE_”_\" A oo o. a .-\:ﬂn@..._ ‘\\

M.O.Wascko

Integrity checks

POT corrected v, candidate events

POT corrected v, candidate events

.0 €vent/POT vs day, 475<Enu<1500 MeV

-]
=]

475<E(MeV)<1500

+
B
+

30
20
10
. v*ldof=12.1/9
D_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 100 200 300 400 500 600 700 800 900 1000

Time (days)
10 6vent/POT vs day, 300<Enu<475 MeV

70 300<E(MeV)<475
60
50

40

30

v*ldof=11.3/9

100 200 300 400 500 600 700 800 900 1000

pdi]

+

10

Time (days)
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® Apply recon and PID to

clean muon CCQE events

® Directly measure rate of
final state muon v,

backgrounds

M.O.Wascko

events / MeV

“° Muon Internal Brem

0.12

0.02

2.5

1.5

1.0

0.5

Sheffield PPPA Seminar

Data-MC excess, but note the scale!

e 2-Subevent Data
—— 2-Subevent MC

+ Statistical uncertainties only!

300 500 700 900 1100 1300 1500 3000
Reconstructed E, (MeV)

2v oscillation .
' analysis threshold * MiniBooNE data
— -} expected background
: .-- BG + best-fit oscillation
: — v, background

* — v, background

|IIII|IIII|II1#IIIIIII

i

Ll -
300 600 900

1200 1500 3000

reconstructed E, (MeV)
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“Dirt” Backgrounds

® before box-opening, fit yielded
® meas/pred = 1.00£0.15

¢ fit in different (open) sample yields

® meas/pred = 1.08%0.12

Events / 50 MeV

M.O.Wascko

4

350

300

250 1

200

[ (W)

S0

{ | t Data

= Dirti fitted)

—_——

— Bkgd

— all MC

-

L

[ — i

I

0 005 H_I] {J.I]f"* [113 [].|35 i}f.i {J.!_‘uS []_Ir-L [].cll-ﬁ 0.3

visible energy (GeV)

Events / 50 ¢cm

Vu

+ l Data
— Dirtifitted)
! — Bkgd
I = all MC
} %
_’_'_|_
0 S0 100 150 200 250 300 350 400 450 500

dist to tank wall along track (cm)
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More data should help

Extended threshold to
lower energy

® required extension of
systematics

Excess persists below
300 MeV

New bin is even more
dominated by mis-ID v,

2.5

events / MeV
o

L]
§

B vl
§
"

* MiniBooNE data (stat. error)
- expected background (syst. error)

— v, background
— V background

Illlllllllllliylllllll

0.5

—:*

S

Sheffield PPPA Seminar

600 900 1200
reconstructed E, (MeV)

1500 3000
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® More data should hel 4.0
g ! .« MiniBooNE data (stat. error)
3.5 -+ expected background (syst. error)
® Extended threshold to 3.0 '
lower energy P { | — v, background
= ¢ i — Vv, background
) ) 220 Hy
® required extensionof § F }
. > 1.5 :
systematics o 15 -
1.0 _-f-
® Excess persists below 05t -—_'_'—'—'_, o—._,=|
300 MeV e S

300 500 700 900 1100 1300 1500 3000
reconstructed E, (MeV)

® New bin is even more
dominated by mis-ID v,

M.O.Wascko Sheffield PPPA Seminar 65
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“Background Breakdown

seTelrs

‘e
oo
e
. 74
i)

‘.','.

reconstructed V energy bin (MeV)

200-300 300-475 475-1250

total BG 284125 274121 358135
Ve intrinsic 26 67 229
Vy induced 258 207 129
NC r? I'15 /6 62
NC A—Ny 20 51 20
Dirt 99 50 |7
other 24 30 30

DATA 375%19 369t19 380%19
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100

events / bin / (5.6E20 POT)

]

“Visible Energy & Angles

cos 0 ,200<Ev<3000 MeV Es, 200<Ev<3000 MeV

120 :_ 200 MeV < E*° < 3000 MeV 500 :_ 200 MeV < E*° < 3000 MeV
- -4 data (stat. error) . N —4- data (stat. error)
100— B Monte Carlo (syst. error) o 400 | == Monte Carlo (syst. error)
B — v, only o L — v, only
80:— ---- Vg only ﬁ E -==- v, only
n —+— o 300—
60— c [
: £ T ——
a0 | 2 0
| c = 2
B | —+— J - o —
1 o
0'_'I"l"l"| ''''''' +'I"|"r'l"l"I":--I--I-:-I--I'-I--I--I--I--I--I-I--r-I--I--I--t'-l--l--l--l--l--l--l- Or-'T-'i P S T N R S |---I---I — i
-1 -08 06 -04 -02 -0 02 04 06 038 1 200 400 600 80 1000 1200

visible energy (MeV)

® Recall: two-body kinematics allow v energy
reconstruction from Ejepton and Ojepton

or 1 2MpE) — m;
E7" = =

2 M, —E;+ \/(Eé2 —m3)cosOy

® no anomalies in these distributions
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E, & O,in E, bins

550

events / bin / (5.6E20 POT)

events / bin / (5.6E20 POT)

120 :_ 300 MeV < E*° < 475 MeV 100— 475 MeV < E*° < 3000 MeV
N —4- data (stat. error) R - —4- data (stat. error)
100— — E= Monte Carlo (syst. error) '5 80— B Monte Carlo (syst. error)
C — v, only a B — v, only
- ---- v, only ] B ---- v, only
80— e = o
— % Go_
C 8 N
60— s .
C 2 40 i
— » R . LT LY a
40— £ C s
L o [ 1 el
- 5 ~
C 20—
20— [T emeeeann, L
e AT AT APRRTET IR it b s ol Coe b L Ly
PSO 200 250 300 350 400 450 500 550 200 400 600 800 1000 1200
visible energy (MeV) visible energy (MeV)
140 300 MeV < E"*° < 475 MeV - 475 MeV < E*° < 3000 MeV
C 300—
120~ 4 data (stat. error) _F -+ data(stat. error)
C | Mont? Carlo (syst. error) l5 250:_ = Monte Carlo (syst. error)
100~ — VuOny a - — v,only
C ===+ Vg only I C -=-- Vg Only
C W 200—
80— 0 C
60:— g 150:—
C g [
a0 S 100—
E —+— 2 C
20— | i 50—
0“.".".'1“.".".'1'.":',"ln.".".uln.".-:-; T T o_ ------- m e o e e e AR TR SR BT
- -08 -06 -04 -0.2 -0 -1 -08 -06 -04 -0.2 -0 02 04 06 08
cos 09 cos 09

Excess distributed among E, cos8, bins

London T —
120/ 200 MeV < E*° < 300 MeV
C —4- data (stat. error)
g 100— E= Monte Carlo (syst. error)
a L — v, only
= - —-- |
S sof Ve ONY
@ C
e C
£ 60—
£ C
P
c 40
Q
> -
o f—
20_—
T R VRO T I R AR B
PSO 200 250 300 350 400 450 500
visible energy (MeV)
120 :_ 200 MeV < E:“ < 300 MeV
N [ —4 data (stat. error)
I5 100[— E= Monte Carlo (syst. error)
a - — v, only
o - . |
S sof- Ve ONY
] C
e C
£ 60—
2 C
2 a0f
Z C
s C
P
20
P EPEEEEE EECPE Y PP T ERE PR SN I ok bl o 2 o ol
-1 -08 -06 -04 -0.2 -0 0.2 0.4 06 038
cos 0
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At higher energy, data are well-
described by predicted background
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" New BG!? Physics!?

Photonuclear cross section

Difficulty distinguishing single photons
from electrons

cross section (mb)
o

® Photo-nuclear absorption

® Can produce low energy “v.” o L. - -
200 400 600 e0o0 1000
cve ntS Egawrma (MeV)

® No effect on E,>475 MeV

® Anomaly-mediated photon production
® arXiv:0708.1281[hep-ex]

® Both under active investigation

M.O.Wascko Sheffield PPPA Seminar
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“More data should help!

® Double check everything
in MiniBooNE v

® Same detector with
different beam
=NuMI

® Same beam with different
detector V
=SciBooNE

M.O.Wascko Sheffield PPPA Seminar 70
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® MiniBooNE can see
neutrinos from the NuMI MiniBooNE
beam |

® Off-axis beam

NuMl v Flux at MiniBooNE

® ||0mrad

]
|

-
o
&

@ [arb.units]

® Enriched ve sample

10

® Very different energy
for v, components

® Results presented Dec 14 ©

05 1 15 2 25 3 35 4 45 5
E[GeV]
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. SciBooN
” Same Beam Diff. De :

e .
£
e
N

® New experiment at Fermilab
® Near Detector in BNB

® Better at distinguishing photons
from electrons

® Check MiniBooNFE’s
background estimates

Spokespeople:
T. Nakaya, Kyoto University
M.O. Wascko, Imperial College

K2K Fine-Grained Detector (Side View)

Ve event in SciBar detector

Sheffield PPPA Seminar 72
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L I L L L L
K. Hiraide |

T2K

150

100

SciBooNE

Flux (normalized by area)

-100

150 LI

[Sci BuuNE(]

® Three subdetectors:
® SciBar, EC, MRD

® Data run started June 2006

® Now taking data (as | speak!)

ek

=
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-
]
-
=
-
-
-
-
|
-
o |
-
-
-
-
)
m

00 250

-SOIIIIOIIII50III100II150 I2 00

M.O.Wascko Sheffield PPPA Seminar 73



Imperial College
London 100 earsaf ingscience

100

® Expect 2.0e20 POT total
® |.0e20 neutrino

® |.0e20 antineutrino

® Collected 0.54e20 POT
antineutrinos already

® Now running in neutrino
mode

® Only | dead channel in
14,336+256+362

M.O.Wascko

SciBunNE‘

Data Progress

Accu ated POT

N W b O
II|IIIIIIII|II

Protons on target (x1E19)

Protons_hon farget (351 E19)

= Delivered

2007 v run

For analysis

| | | | |
Jun GQJu” ﬂéfun TSJU"? ESJUH 35’{1! g?JUf 1 4""0;' _,_??JUI 384“9 04
Date in 2007

— Delivered
----- For analysis

Oct. 13 Oct.20 Oct. .27 MNowv. 03 MNowv.10

Date
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o What’s Next?

® MiniBooNE is publishing more papers:
* Neutrino cross section measurements
* Joint analysis of MiniBooNE, LSND and KARMEN data
* More exotic oscillation analyses
* V. disappearance
* 2 or 3 sterile neutrinos with CP violation
* MiniBooNE analysis coming soon
* Results of NuMI-MB analysis very soon

o Fermilab “Wine & Cheese” Seminar Dec 14

 MiniBooNE is pursuing ve appearance search now
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Sum mary

MiniBooNE First Result

® MiniBooNE observes no 10° g
evidence fOr VM%Ve 2\/ - E sin’(26) upper limit
) . - 2 — MiniBooNE 90% C.L
oscillations 10 -~~~ BDT analysis 90% ..

® |ncompatible with LSND
Vu—>Ve oscillation signal

IAm?l (eV3/c?)

at 98% CL :
® | ow energy excess under 107F
investigation E - LeND 90 C.L.
- [ ] LsSND99% C.L.
. 2 IIIIII| | | IIIIII| 1 IIIIIII| | L1 1 111
® More data coming 10 10° 102 107 ;
soon sin?(20)

Phys.Rev.Lett. 98,231801 (2007)
arXiv:0704.1500 [hep-ex]
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